Abstract: Mixed micellization and mixed adsorbed film formation were investigated for the combination of a Gemini type cationic and a nonionic surfactants mixture: Bis-trimethyl ammonium Gemini derived from tartaric acid bromide (BAGTB) and n-Decanoyl-Nmethylglucamide (MEGA-10). The surface tension of the aqueous mixed surfactant solution was measured at every 0.1 mole fraction of MEGA10 in the surfactant mixture applying a drop volume method at 30 . From the curves of surface tension (g ) vs logarithmic concentration in molality (ln m), critical micellization concentration (CMC), minimum surface tension at CMC (g CMC ), surface excess (G ), mean surface area occupied by a molecule (A m ) and parameters related to synergism in surface activity such as pC 20 and CMC / C 20 were determined. Based on the regular solution theory, the relation of compositions of the singly dispersed phase (X MEGA10 ) and the micellar phase (Y MEGA10 ), and the relation of X MEGA10 with the composition in adsorbed film phase (Z 2 ) were estimated, and along with these, the interaction parameters in micelles (w R ) and in adsorbed film (w A ) were calculated. Both the CMC-X MEGA-10 and CMC-Y MEGA-10 curves showed a negative deviation from ideal mixing and even the curve of Z MEGA10 -m t (bulk phase concentration) produced a slightly negative w A . However, the synergism in surface tension reduction was found to be rather weak from examination of partial molecular area (PMA) and the minimum free energy at surface G min (S) = (g CMC A m L). As for the adsorbed film, the interaction mode between molecules, as well as two dimensional molecular packing, was observed to be separated into three regions; i. e. at X STDS = 0.45 and at X STDS = 0.75 different properties changed discontinuously.
Introduction
Surfactants are very often used in mixed systems to obtain some desired performance. In such cases, many kinds of blending effects occur, and these effects correspond to the so-called synergism. The synergistic effect can be obtained, as expected, when some interaction is present between surfactants components (1) (2) (3) (4) (5) . Mixed systems of different combinations have been studied extensively to develop better functions or to make clear the nature of synergistic effects (1, 6, 7) .
One of the present authors and his coworker have investigated the bibliography and classified 642 studies on mixed surfactant systems after the first publication appeared in 1943 up to those published in the first half of 1990 (8) . Searching the literature regarding studies on mixed surfactant systems from 1990 until the first quarter of 2003, more than 800 papers are likely to have appeared after 1990. This great number implies that study on mixed surfactant systems has been thoroughly performed and the field of its application is still growing widely.
In regard to the newly synthesized surfactants with expectation of further development of surfactant performance, some new types of surfactants, e.g., Gemini (9) and Bola (10) have been prepared. In 1971, Bunton first synthesized a type of cationic Gemini surfactant (11) , and since then different kinds of Gemini surfactants with cationic (12) , anionic (13) and neutral (14) head groups have been synthesized. In Japan too, after Okahara, Zhu and Masuyama et al reported a study of surface active properties of ionic Gemini-type surfactants as early as 1988 (15) , various kinds of Gemini surfactants have been developed. They reported on the preparation and surface active properties of double-chain anionic surfactants bearing two phosphate groups (16) and two sulfonate groups (17) , in addition to those having two carboxyl groups (18) .
Further, they have investigated Gemini type surfactants in terms of use for micellar electlokinetic chromatography (19) , elasticity index (20) , and surface pressure-area isotherm (21) . Masuyama published a useful review of the preparation and surfactant properties featuring additional functions and high-performance (22) . In addition to such double-chain surfactants, the preparation of triple-chain surfactants and their surface active properties have also been reported (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . Very recently the surface activity of mixtures of partially-quaternized 2-vinylpyridine telomers and a cationic Gemini surfa 35 36 of solubilization by the mixed system of the same anionic Gemini surfactant and a soap (sodium dodecanoate) (37) . One of the present authors and his coworkers also, recently reported studies on the preparation and properties of optically active Gemini type surfactants derived from tartaric acid, such as bisammonium and bis-sulfate ones with the number of carbon atoms in their alkyl chains ranging from 8 to 16 (38, 39) .
Surfactants having a sugar structure as a hydrophilic group have been developed for use in the field of preparation as well as application. The addition of water structure promoters (e.g. fructose, xylose) or a water structure breaker (e.g., N-methyl-acetamide) to an aqueous solution of polyoxyethylenated nonionic surfactant has been shown to effect markedly the efficiency of the surfactant in reducing surface tension. Similarly, the introduction of sugars as a hydrophilic group has been commonly known to enhance surface activity (1) . MEGA-n series surfactants (n=8, octanoyl-; n=9, nonanoyl-and n=10 decanoyl-N-methyl glucamides) have been found to exhibit a strong positive synergism in surface activity, as well as mixed micelle formation with fluorocarbon surfactants accompanied by much stronger interaction between hydrophilic groups than that between hydrophobic groups (by exceeding the mutual phobicity between hydrocarbon / fluorocarbon chains) (40, 41) .
In this paper, a study on micellization and adsorbed film formation of mixture of a Gemini type cationic surfactant (Bis-ammonium Gemini derived from tartaric acid) with MEGA-10, by surface tension technique, is reported. (42) . Bis-ammonium Gemini derived from tartaric acid bromide salt, BAGTB was synthesized and purified in the same manner as previously reported (38) . The chemical structure for each is given in Scheme 1.
Surface Tension Measurements
The surface tension (g ) measurements were performed on the basis of the same drop volume method as reported previously; using an automated surface tensiometer (Yamashita Giken YDS94) the temperature of which was kept with an accuracy of 0.03 by the use of a temperature control system (Yamashita Giken YCS9211) (43, 44 ).
Results

1 Surface Tension Measurements Deter-
mining CMC, pC 20 , CMC/C 20 , the Surface Excess Concentration, G t , and the Minimum Free Energy of Adsorbed Film, G min (S) . In Fig. 1 are shown the curves of surface tension, g against logarithmic concentration (in molality), ln m t for the respective single systems of BAGTB and MEGA-10 at 30 , and those for two mixed systems at differing mole fractions of MEGA-10 in the surfactant mixture; X MEGA-10 = 0.5, and 0.8. Figure 1 demonstrates that MEGA-10 has a higher critical micellization concentration, (CMC) (as is well known, the concentration is determined from the break point) but a lower surface tension minimum, g CMC , while BAGTB has a lower CMC but a higher g CMC . Further, as is shown in the figure, all the curves for mixed systems including those at varied mole fractions (not all given in the figure) fit between those of the two single systems, and the CMC and the g CMC did change in the order of mole fraction change. The CMC values together with the g CMC values are listed in been known to afford an important quantity, i.e. the surface excess concentration (mol cm -2 or mol m -2 ) if only the Gibbs adsorption isotherm is applied. This quantity is also regarded as a measur " " total concentration of the two surfactants in the system is denoted as m t . In the present mixed system the mean activity, a, of BAGTB has a relation : a 3 = a 2+ a -a -, and a 3 is assumed to be equal to m t 3 , if activity coefficients are neglected.
G t G 1 + G 2 and the mole fractions of surfactants 1 and 2 in the adsorbed film phase are referred to as Z 1 and Z 2 (Z 1 = 1 Z 2 ), the relations : G 1 = Z 1 G t and G 2 = Z 2 G t hold, and then the Gibbs equation is given for the mixed system.
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Here it should be noted that (i) Z i can be determined from the data of the g vs ln m t plot and eqs. 12 and 13 as described in the next section and (ii) the mole fraction in the bulk solution phase, X i , is not used. (In connection with this, it is noted that the equation (19) in the previous paper (p.924 in Ref. 42 ) must be corrected as above.) The total surface excess, G t , was thus evaluated using the slopes of the straight line just below the CMC of the g vs. ln m t curve ( Fig. 1) , and together with the values of the Table 1 free energy values at the maximum adsorption attained at CMC, G min (s) which is the minimum free energy of the given surface with fully adsorbed surfactant molecules were calculated on the basis defined as follows.
3
were g CMC is the surface tension at CMC. The results are listed in Table 1 . The substitution of Y 1 values calculated from eq. 4 into eq. 5 produces an w R value at each X 1 . Here, the interaction parameter is related to the activity coefficients f 1 and f 2 and the micellar composition Y 1 as follows.
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Applying these equations to the CMC data given in Table 1 , w R , Y MEGA-10 for MEGA-10, and f i values were calculated. The results are also listed in the same table, while the obtained phase diagram is shown in Fig. 2 .
In Fig. 2 the CMC-X MEGA-10 ' to say, a straight line (as indicated by a broken line in Fig. 2) , when the two surfactants can form micelles of ideal mixing (46) . Figure 2 clearly demonstrates that both the CMC-X MEGA-10 curve (singly dispersed phase curve) and the CMC-Y MEGA-10 curve (micellar phase curve) negatively deviate from the relations of ideal mixing. Both curves show an apparently regular change with mole fractions X MEGA-10 and Y MEGA-10 in addition to the negative deviation.
In regard to the interaction parameter, w R (See Table  2 ), it is seen that the negative value of w R depends on the mixing ratio; w R = -1.5 was obtained at BAGTB: MEGA-10 = 1:9, -0.86 at 1:1, and on average w R = -1.03 over all the mixing ratios. The activity coefficient of MEGA-10 ranges from 0.4 to 0.8, and compared with that of BAGTB, smaller values were obtained for MEGA-10 up to X MEGA-10 = 0.8.
Next, let us examine the composition of adsorbed film. In order to estimate compositions of surfactants 1 and 2 in adsorbed film formed at air / water interface (Z 1 and Z 2 , Z 1 + Z 2 = 1), we have derived the following equations based on the regular solution theory (RST) (42, 43) . When the composition of species i (i = 1 or 2) in the adsorbed film phase and the activity coefficient are denoted as Z i and f i , respectively, the concentration is related as:
7 where m 0 i is the bulk concentration of pure system of i at the constant surface tension, and corresponds to either molarity or molality depending on the concentration chosen. The mass balance leads to eq. 8,
where, m t is the total concentration of the surfactants at the given surface tension. Thus, when an equilibrium is attained between the bulk and the adsorbed film phases, the following relations are given. It is noted that in this study, m 1 0 is the CMC of BAGTB and the surface tension fixed was taken at the CMC of BAGTB, so that m 2 0 and each m t were read from the g vs ln m t curves as schematically shown in Fig. 3 .
From these equations it is known that the mole fraction of 2 in bulk solution is expressed using eq. 10. and m t at the given g are determined against net mole fraction X 2 , then the adsorbed film composition Z i is given by eq. 12, and w A can be evaluated from eq. 
Real minus Ideal
DCMC (R-I) Fig. 3 The Figure Demonstrates How to Determine m t of a Mixed System at a Constant Surface Tension. Table 3 ). Figure 4 is a phase diagram indicating the composition (Z 2 ) of the adsorbed film phase related with that of the bulk phase (X 2 ), in other words, the curves of the phase equilibrium between the adsorbed film and monomeric species. For construction of the phase diagram shown in Fig. 4 , the values of m t determined at g = 35.3 mNm Table 3 as a function of X MEGA-10 .
Adsorption and Micelle Formation of Mixed Surfactant Systems in Water II
The obtained m t -Z 2 curve shows a negative deviation from ideal mixing (indicated by a straight dotted line), and correspondingly, the w A values are all negative. Although this curve seems at a glance to be regular, looking carefully at the curve in the lower range of X MEGA-10 (0 X MEGA-10 0.2), the deviation trend is slightly different, and in addition, the negative values of w A in this range are greater than the others. This trend cannot be neglected for reasons given below. Figure 5 demonstrates that the G t vs. X MEGA-10 or Z MEGA-10 relation is not regular but clearly discontinuous at X MEGA-10 = ca 0.4 and Z MEGA-10 = ca 0.2, and there seems to exist a discontinuity between X MEGA-10 = 0.45 and 0.75 ; G t is nearly constant up to X MEGA-10 = 0.4 and Z MEGA-10 = 0.2 and above these mole fractions G t abruptly increases. Even taking into account the error margin shown by poles at measured points, the abnormal behavior of G t is a solid fact. It may be better to examine the adsorption behavior from the view point of the composition of the adsorbed film phase (Z MEGA-10 ). In the region 0 < Z MEGA-10 < ca.0.2, MEGA-10 is the minor component while BAGTB is the major one, so a MEGA-10 molecule can be a spacer for two dimensional packing of 5 to 10 times more molecules of BAGTB which occupy a wider molecular area. This situation can be seen when the mean molecular surface area A m is plotted not only against X MEGA-10 but also against Z MEGA-10 ; both relations are shown in Fig. 6 (a) and (b).
2 Partial Molecular Area as a Function
of Z 2 Figure 6 (b) indicates that as for the mean molecular area, A m , the deviation from ideal mixing (the additivity rule indicated by the broken straight line) depends markedly on the composition in the adsorbed film phase; an abrupt change (increase) takes place at the ratio of BAGTB: MEGA-10 = 4:1 and A m decreases greatly from a discontinuity at Z MEGA-10 = ca. 0.4. More clearly the surface occupation behavior can be seen if the partial molecular area (PMA) is evaluated, as has been employed in previous studies (42, 43, 48) . In Fig.  6(b) , an example of how to determine the PAMs, i.e., A In Fig. 7 is shown the plot of the estimated PMA values as a function of Z . If the mixing were ideal, the PMA should be the same as that of a pure system (A _ 1 = A 1 0 ). The figure tells us that BAGTB deviates positively from ideal mixing over the whole range and shows discontinuous changes at Z MEGA-10 = 0.2 and 0.4. In contrast to BAGTB, MEGA-10 exhibits a slightly negative or slightly positive deviation over almost the whole range. This figure also suggests that the two dimensional molecular packing and, accordingly, the mode of interaction between the two surfactants are distinct at the ranges below and above Z MEGA-10 = 0.2 and it changes even above Z MEGA-10 = ca. 0.4 (X MEGA-10 = ca. 0.75). It is unknown whether the small increase of A m at X MEGA-10 = 0.1 or Z MEGA-10 = 0.05 (Fig. 6) is significant or not, but if significant, the PMA of MEGA-10 is estimated to be wider than 150 Å 2 . MEGA-10 has a more flexible hydrophobic chain as well as a more hydrophilic group than BAGTB, the hydrophilic group of which has two trimethyl groups attached to nitrogen atoms and two positive charges exising in a relatively short distance. In other words,
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J. Oleo Sci., Vol. 52, No. 9, 449-461 (2003) Even though the error margin of 3% indicated by poles are taken into account, a steadily changing curve is not obtainable but a remarkable gap or a discontinuity is found for each relation.
BAGTB has a rigid and top-heavy head group compared with that of MEGA-10. When a MEGA-10 molecule is a minor component surrounded by 5 to 9 BAGTB molecules, MEGA-10 might lead to a little expansion of total area occupation in parallel with a slight contraction of the MEGA-10 molecule itself. Considering the small change in PMA of MEGA-10 compared with that of BAGTB over almost the whole range of Z MEGA-10 , the hydroxyl groups of glucamine head groups seem to interact directly with cationic trimethyl ammonium groups instead of hydrated water molecules. On the other hand, BAGTB molecule head groups may become a little larger due to coulombic repulsion between positive charges with aid of the enhanced interaction between glucamine and trimethyl anmonium groups, resulting in positive deviation over the whole range of Z MEGA-10 . This raises a question; although the interaction parameter among molecules in the adsorbed film was estimated as negative, and the m t -Z 2 as well as the m t -X 2 curve (Fig. 4) showed a negative deviation suggesting a positive synergism, the PMA does not show a contraction but rather an expansion. This seems to contradict the image that a contraction accompanies an enhancement of interaction or a stronger interaction results in smaller distance between molecules. tem containing two surfactants when a given surface tension can be attained at a total mixed surfactant concentration lower than that required of either surfactant singularly. From the relation upon which equations 12 and 13 are based and the definition of synergism, it has been shown mathematically, that is i) w A must be negative, and ii) | w A | must be greater than | ln m t(1) o / m t(2) o |. Further, one of the conditions for synergism in surface tension reduction effectiveness to occur is : iii) w A -w R must be negative (another condition is given (p.409 in Ref.1), but is not introduced here.). Based on these synergism conditions, the data of surface tension measurements including those of unpublished works were e " " " " Table 4 (49) TAB) (50) " " " " w a marked synergism, but the present combination of BAGTB and MEGA-10 is poor in effectiveness, and that of BAGTB and HTAB is weak in efficiency. This suggests that a remarkable synergism in surface activity might not be effectively induced from mixing of Gemini type surfactants with single chain surfactants. This rather weak synergism may be related to the positive deviation of the A m -Z MEGA-10 relation, suggesting the Gemini type surfactants are weak in formation of well packed arrangement with different molecules in monolayer.
Turning our attention to G min (S) , or this is the free energy of a given adsorbed surface at equilibrium (See eq.1 and Table 1 .). It may be possible to regard G min (S) as the work needed to make a surface area per mole or the free energy change accompanied by the translation from the bulk phase to the surface phase of solution components. The lower the value of the free energy, the more stable a surface is formed, or the more highly the surface activity is attained. The extent of lowering the free energy may be a measure for evaluation of synergism in mixed surfactant systems.
In and CMC / C 20 , probably reflecting a certain transition in the two dimensional packing state. Rosen tells us that an increase in the CMC / C 20 ratio, as a result of the introduction of some factor, indicates that micellization is inhibited more than adsorption, or adsorption is facilitated more than micellization, whereas a decrease in the CMC / C 20 , it cannot be simply interpreted. Considering the abrupt increase in CMC / C 20 as well as G min (S) when X MEGA-10 is slightly increased around 0.45, it is a question if micellization is inhibited more than adsorption or not. However, this may be related to the interaction parameter (w R ) change from -1.01 to -0.86 when X MEGA-10 is changed from 0.45 to 0.75.
Again examining the curves of CMC vs X MEGA-10 and CMC vs Y MEGA-10 ( Fig. 2) , no remarkable discontinuity is found in contrast to the curves relating to the surface such as G t , PMA, G min (S) and CMC / C 20 . However if such micellar properties as aggregation number and solubilization capacity were experimentally investigated, this difficult problem may be solved.
Tsubone and Tajima have studied the aqueous properties of mixed systems of an anionic Gemini surfactant ((CH 2 ) 2 [NCO(C 11 H 23 )C 2 H 4 CO 2 Na], abbreviated as 212) and a conventional anionic surfactant (C 11 H 23 CO 2 Na, soap) in terms of mixed CMC, foam volume and degree of micelle ionization (36) , and solubilization of Orange OT by the same surfactant mixture (37) . In these studies they found various interesting behaviors as a function of mole fraction of soap in the mixture, eg. (i) positive and negative deviations from ideal mixing in regard to micelle formation were found below and above X soap = 0.6, (ii) minimum surface tension (g CMC ) and maximum foam volume are attained at X soap = 0.6 and (iii) a break at X soap = 0.6 (maybe another break at X soap = 0.1) and a minimum at X soap = 0.9 were found in solubilization capacity (37) . They reached a conclusion that the mixture of the anionic surfactants, 212 and soap, forms 2:1 complexes over a broad region of composition during micellization. Similar behavior might be true for the present BAGTB / MEGA-10 mixed system in connection with micellization. In the very near future a solubilization study should be performed even for the present mixture.
In conclusion, while the micelle formation of the present mixed system is to some extent facilitated, by the mixing ratio, the mixed adsorbed film formation involves some complicated factors depending markedly on the mixing ratio of the two surfactants possibly leading to weak synergism.
